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(57] ABSTRACT

The invention demonstrates remote tuning of an NMR
probe over a length of transmission line while retaining
very high efficiency relative to the equivalent locally
turned coil. Fixed capacitances for partial tuning are
employed at the load such that a desired range of effi-
ciency is achievable for a selected range of capacitance
values at both load and source for the intervening trans-

mission line.

5 Claims, 3 Drawing Sheets
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EFFICIENT REMOTE TRANSMISSION LINE
PROBE TUNING FOR NMR APPARATUS

FIELD OF THE INVENTION

The invention is in the area of NMR apparatus and
relates specifically to tuning of the NMR probe from a
remote location.

BACKGROUND OF THE INVENTION

In NMR apparatus the probe coil is the means for
transferring excitation energy to the sample and for
picking up the signal emitted by de-exciting nuclei. The
coil is carefully designed to be tuned for both functions
and to disturb the homogeneity of the sample region as
little as possible. The tuned coil should exhibit a high Q
and must be carefully impedance matched to the pream-
plifier of the receiver and the RF source. The preampli-
fier is physically located at some distance from the coil
and necessitates a cable in between, the latter having the
characteristic impedance to match to devices placed at
both its input and its output.

It is desirable to have the facility to tune rf transmit-
ter/receiver coil(s) of an rf spectroscopic apparatus
from a remote location, e.g., to avoid mechanical ad-
justments proximate the coil which may affect the rf
properties of the coil in unexpected and uncontrolled
fashion. In many applications, the accessibility of the rf
coil is inconvenient for such adjustment in any event.
Probe tuning is 4 major factor in the efficient operation
of NMR apparatus. Such efficiency relates to energy
transfer to and from the probe and depends largely on
the degree to which the probe is electrically matched to
the receiver preamplifier and/or the rf source.

In the prior art it is known to employ length of coax-
ial cable of length d=A/2 connecting the coil to a re-
mote tuning.arrangement. This approach was discussed
by Cross, Hester and Waugh, Rev. Sci. Inst., v. 47, pp.
1486 or 1488 (1976), as half of a double tuned single coil.
Gordon and Tims, J. Mag. Res., v. 46, pp. 322-324
(1982), have discussed a similar arrangement wherein a
length of cable and remote tuning capacitors are used to

remotely tune a coil, which has first been tuned locally ;

to one frequency, to a different second frequency. A

pair of remote tuning capacitors are displaced remotely

by an intervening length of cable d, chosen such that the

remote tuning capacitors, arranged as a half-T network

are of standard values given the cable impedance, the

~cable length d, the local capacitances and inductance of
the coil. *

In the present invention, the gross power dissipation
is distributed between the external tuning means, the
transmission line and the coil so as to minimize such
dissipation in the external (remote) tuning means and
cable and to maximize same in the rf coil. In order to
accomplish this it 1s recognized that the efficiency with
which rf power is transferred over the cable is managed
advantageously by choosing local fixed capacitances at
the rf coil which effect a small reduction of the reflec-
tion coefficient which obtains between the transmission

line and the rf coil.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of the context of

- the invention.
FIG. 2 shows an embodiment of the invention.
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FIG. 3A shows the dependence of power loss in the
transmission line as a function of reflection coefficient.

FIG. 3B shows the efficiency as a function of reflec-
tion coefficient for the 0.2 db line of FIG. 3A.

FIG. 4 is a contour plot of reflection coefficient as a
function of capacitances 52 and 54 of FIG. 2.

FIG. 5 is a contour plot of efficiency as a function of
capacitances 52 and 54 of FIG. 2.

DETAILED DESCRIPTION OF THE
APPARATUS

Turning now to FIG. 1, there is shown an idealized
NMR apparatus. A magnet 10 having bore 11 provides

a main magnetic field. In order to control the magnetic

field with precision in time and direction, there are
provided magnetic field gradient coils (not shown).
These are driven by gradient power supplies 16, 18 and
20, respectively. Additionally, other gradient coils (not
shown) and power supplies (not shown) may be re-
quired for compensating residual undesired spatial in-
homogeneities in the basic magnetic field. An object for
analysis (hereafter “sample”) is placed within the mag-
netic field in bore 11 and the sample is subject to irradia-
tion by rf power, such that the rf magnetic field 1s
aligned in a desired orthogonal relationship with the
magnetic field in the interior of bore 11. This i1s accom-
plished through a transmitter coil in the interior of bore
11 and now shown in FIG. 1. Resonant signals are in-
duced in a receiver coil, proximate the sample within
bore 11 and also not shown.

As shown in FIG. 1, rf power is provided from trans-
mitter 24, modulated through modulator 26 to yield
amplitude modulated pulses of the rf power which are
amplified by amplifier 31 and thence directed via multi-
plexer 27 to the rf transmitter coil 12 located within
bore 11. Transmitter and receiver coils are clearly not
concurrently active as such. The identical coil may be
employed for both functions if so desired. Thus, a multi-
plexer 27 is provided to isolate the receiver from the
transmitter. In the case of separate transmitter and re-
ceiver coils, element 27, while not precisely a multi-
plexer, will perform a similar isolation function to con-
trol receiver operation.

In the present invention, the rf coil 12 is partlally
tuned by local tuning network 14 and remotely tuned by
remote tuning network 13.

The modulator 26 is controlled by pulse programmer
29 to provide rf pulses of desired amplitude, duration
and phase relative to the rf carrier at preselected time
intervals. The pulse programmer also controls the gra-
dient power supplies 16, 18 and 20, if such gradients are
required. These gradient power supplies may maintain
selected static gradients in the respective gradlent colls
if so desired.

The transient nuclear resonance waveform is pro-
cessed by receiver 28 and further resolved in phase
quadrature through phase detector 30. The phase re-
solved time domain signals from phase detector 30 are
presented to Fourier transformer 32 for transformation
to the frequency domain in accordance with specific
requirements of the processing. Conversion of the ana-
log resonance signal to digital form is commonly car-
ried out on the phase resolved-signals through analog to
digital converter (ADC) structures which may be re-
garded as a component of phase detector 30 for conve-
nience.

It 1s understood that Fourier transformer 32 may, in
practice, act upon a stored (in storage unit 34) represen-
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tation of the phase resolved data. This reflects the com-
mon practice of averaging a number of time domain
phase resolved waveforms to enhance the signal-to-
noise ratio. The transformation function is then applied
to the resultant averaged waveform. Display device 36
operates on the acquired data to present same for in-
spection. Controller 38, most often comprising one or
“more computers, controls and correlates the operation

of the entire apparatus.
Turning now to FIG. 2 there is shown a schematic

arrangement of probe coil 50 and local tuning capaci-

‘tances, e.g., local parallel capacitor 52 and local series
capacitor 54. A length 1 of transmission line, for exam-
ple, coaxial cable 56 is interposed between capacitor 54
and a remote tuning network 58 from which a signal is
derived/applied at connector 60. In the present inven-
- tion the qualitative arrangement of FIG. 2 1s identifiable
with prior art but the quantitive aspect of the invention
is quite distinct. In prior art, transmission line 56 and
associated tuning means 58 are selected independently
of a pre-existing circuit 51 for sole purposes of exter-
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nally tuning resonant circuit 51 to a different resonant

frequency, but without regard for efficiency of power
transfer from connector 60 to coil 50 at this new fre-
quency. In the present invention, all elements of FI1G. 2
are selected simultaneously, subject to constraints im-
posed to achieve high efficiency of rf power transfer.

In the prior art the load presented by coil 50 mainly.

presents a reactive impedance to cable 56 and at bound-
ary 62, the reflection coefficient may approach unity

unless ¢areful attention is g1ven to impedance matching.

Consequently, there is a loss in the transmission line 56.
The loss is an exponential function of the reflection
coefficient characterizing the line properties, the fre-
quency of the wave propagating therein and source and
sink impedances. See Terman, “Radio Engineer Hand-
book, p. 187 (McGraw-Hill: 1943) FIG. 3 ﬂlustrates
this dependence. _

The loss may be lowered by reducmg reflection coef-
ficient p; but from the exponential dependence form it is
apparent that a small reduction of p produceés a dramatic
effect on the loss. It is not essential to constrain the
- probe tuning to achieve a precision impedance match.
Accordingly, the capacitors 52 and 54 are selected for

- reasonable and available values, whereby p=0.9 and an

approximate tuned condition obtains for coil §0. This
choice for reduction of p is not absolute but represents
a reduction (from values approaching unity) which wiil
suffice for the present purposes. The range of Q for the
~ coil as seen from the end of line 56 (proximate tuning
network 58) then defines a possible range of values for
variable capacitors S8A and 58B. Thus, tuning network
58 consists of a vernier for the tuning accemphshed

locally at coil 50.
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Consider a power source connected to a length 1 of >

transmission line characterized by attenuation constant

a and phase constant 8. The load impedance presented

to the load end of the transmission line is Z; and the
source 1n1pedance is Zo. The impedance presented at

the source is

Zs=Z0o[(Z1 + Zo tan hyl)/(z0+Z; tan hyl)]
- where y=a+18. The current drawn for an applied
voltage V;is Vy/Z;=I; The voltage across and current

through the load are

Vi=V¥scos hyl—Zpls sin h,/l

| Il =Ig COS h!};l—u..(l/‘g Sin h'yl)/Z{}

The power dissipated at the load is related to power
developed by the source (Piz) as (Pour)

Pout/ Pin=real[Vsls*]/real[V111*] ,
This relationship is the basis of FIG. 3A showing loss as
a function of reflection coefficient.

For a typical practical case, a one meter length of RG -
58 coaxial cable would exhibit intrinsic loss of about 0.2
db at 120 MHz. In this case, FIG. 3B presents an alter-
native representation of the behaviour of the line in
terms of the “efficiency” of power transfer between
source and load over the line.

The reflection coefficient p is established as a result of

impedance mismatch:

p=(21—-2)/(Z21+2Z)

where the subscript “1” refers to the load and the sub-
script “i” refers to the source, in this case the transmis-
sion line terminal adjacent the load. For a typical ar-
rangement of a 200 nh coil 50 exhibiting a Q=100 at 120
MHz. connected to a 50€2 line, one finds that p=0.994
and most power supplied to the transmission line 1s
reflected back down the line toward the source with the

“result that only a small fraction of the power is dissi-

pated in the load.
~ Very strong dependence of efficiency on p suggests
that a small reduction in the magnitude of p will furnish
a very large increase in efficiency as shown in FIG. 3B.
Thus, values for fixed tuning capacitors 52 and 54 are
selected to “approximately” tune and match coil 50 (of
known inductance and Q) to line 56. For reasonable
values of the capacitances 52 and 54 the reflection coef-
ficient may be computed and displayed as a contour plot
such as exhibited in FIG. 4. |
“Approximately” has the meaning of achieving an
impedance mismatch no worse than a selected reflec-
tion coefficient would produce, for example, values of
reflection co-efficient in the range from 0.65 to no
greater than substantially 0.9. (This range of p corre-
sponds to a voltage standing wave ratio in the range
from 5 to about 20). In a mathematical space defined by
the independent variation of local capacitances 52 and |
54, the quantity p=0.9 defines a surface region of the
local capacitance space. The transmission line length, 1,
may be assigned an acceptable value and tuning ele-
ments S8A and 58B assigned acceptable ranges of val-
ues. Next, the relative efficiency, e.g., the efficiency in
relation to an ideal local tuned network (such as circuit

‘means 51 in isolation), is calculable from the data of

F1G. 4 with the constraints of values for 1 and ranges for
capacitances S8A and 58B thereby defining a region for

- remote tuning which can be achieved with the desired

limit on reflection coefficient. This is shown in FIG. 5
for a transmission line length range of 40 cm to 100 cm.
The shaded region describes a space which is not attain-
able with the limits selected for the cable length and

60 external tuning elements. The desired region falls out-

635

side this shaded area, but inside an arbitrarily selected
efficiency contour, say 80%.

The above described partial matching approach has
been demonstrated with construction and testing of
three probes, each utilizing the same 2.5 cm, 2 turn, 200
nh surface coil and each tuned to 120 MHz. The Q of

the isolated coil was measured to be about 240 using a

- Hewlett-Packard 4191A impedance analyzer. The first
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probe was tuned in the conventional manner, using
variable capacitors directly connected to the coil. The
second probe was made to be remotely tuned by the
addition of an electrical half wavelength of RG-58 co-
axial cable (81 cm in length, 16.5 db/100 m attenuation, 5
0.66 velocity factor) inserted between the coil and the
variable tuning capacitors. The third probe was con-
structed according to the design criteria outlined above
which resulted in a cable length of 42 cm (16.2 db/100
m, 0.78 velocity factor), with capacitances 52 and 54
given values of 3.9 pf and 4.5 pf, respectively. The
measured Q’s of these three probes were 140, 60 and 30.
The efficiency of each probe was evaluated by mea-
suring the 90° pulse length of a small sample of dilute
potassium phosphate placed at the center of the coil. A
number of different power levels were used, and results
compared using the conventional probe as reference.
The theoretical efficiencies of the two remotely tuned
probes were determined as well, using the values of the
components as given and assuming ideal loss-less capac-
itors. The theoretical efficiency of the half wavelength
probe should be about 30% and the partially matched
probe about 90%, both with reference to the conven-
tional probe. These calculated values are in fairly good
agreement with measured efficiencies. The data are .5

shown in Table I below:
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TABLE 1
Pulse Length and Relative Efficiency
| Pulse
Length (usec) Partial 30

Power Conventional A2 Match
M

Sw 79 240 835

9w 57 170 60

1S w 43 127 47
27T w 31 93 34 |
Average Efficiency: — 33% 93% 33
Theoretical Efficiency: — 30% 90%

It is apparent that by selection of the proper values of
fixed capacitors, efficiency greater than 80% can nor-
mally be realized, even over a range of loaded and 4V
unloaded conditions. Some reduction in reflection coef-
ficient may also be obtained with a somewhat simpler
approach, such as the use of a single fixed capacitor of
the proper value placed in series with the coil. Under

this approach, efficiency can typically be realized in the 43

60% to 80% range.

What 1s claimed 1s:

1. An NMR apparatus for exciting and detecting rf
resonance of gyromagnetic resonators in a sample, com-
prising: =

polarizing magnet means for establishing a magnetic

field wherein said resonators precess,

rf source means for furnishing an rf magnetic field for

application to precessing resonators, thereby to
transfer energy to said resonators through an exci-
tation process,

rf receiver means for acquiring from said resonators a

transient signal corresponding to a de-excitation
process,

probe means comprising rf coil means for transferring

rf power between said rf source and said sample,
said probe means comprising an rf coil disposed
proximate said sample and a transmission line
means for transport of rf power between said rf coil
and said rf source,

fixed local tuning means disposed between said coil

and said transmission line means for partially
matching the transmission line means to the rf coil

50

53

65

6
and approximately tuning said rf coil to a resonant
condition at a preselected frequency, said partial
matching characterized by a reflection coefficient
in the range from approximately 0.65 to no greater
than substantially 0.9,

remote variable tuning means disposed between said
‘transmission line and said rf source, said remote
variable tuning means for further tuning said rf coil
to said resonant condition, whereby the approxi-
mate tuning is supplemented by said remote vari-
able tuning means to closely approach an exact
resonant condition for dissipation of rf power in
said rf coil. |

2. An NMR apparatus comprising an rf source for

NMR excitation of gyromagnetic resonators and an rf
detector for acquiring a signal from the de-excitation of
said gyromagnetic resonators, comprising:

(a) an f coil having inductance L connected in com-.
bination with first capacitor of fixed capacitance
C; in parailel therewith and exhibiting one com-
mon connection of said rf coil and said first capaci-
tance, said common connection connected to
ground, and second capacitor of fixed capacitance
C, in series with said combination,

(b) transmission line means having a probe end and a
remote end for communicating at the probe end
thereof in series relationship with said second ca-
pacitor and communicating at the remote end with
remote tuning means, |

- said first and second capacitors and said rf coil and
said transmission line comprising probe means
resonant at frequency wo and said rf coil config-
ured to surround an object to be studied,
whereby in the presence of said object the reso-
nant frequency of said probe means in combina-
tion with said object to be ®, wFwgo and
w/ W= ]-:

said remote tuning means comprising third and
fourth capacitors of variable capacity, each of
said capacitors having first and second terminals,
said first terminal of said third nd fourth capaci-
tors commonly joined and connected to said
remote end of said transmission line, said second
terminal of said third capacitor connected to
ground, said second terminal of said fourth ca-
pacitor adapted to communicate with either said
rf source or said rf detector. |

3. The NMR apparatus of claim 2 wherein said probe

means exhibits a voltage standing wave ratio greater
than 5 and not substantially greater than 20 as ascer-
tained when an rf source is connected directly to the
remote end of said transmission line in lieu of said re-

‘mote tuning means.

4. The NMR apparatus of claim 3 wherein each said
third and fourth capacitor cover a range of capacitance
sufficient to cause said probe means to reach a resonant
condition with at least 80% of said rf power dissipated
in said rf coil.

5. The method of tuning an rf probe of an rf apparatus
for the study of a class of approximately similar objects
at a selected frequency, comprising: |

(a) constructing the combination of an rf resonance

circuit with transmission line appended thereto,
and including the step of selecting the parameters
of said rf resonance circuit and transmission lines
whereby said rf resonance circuit is approximately
resonant at said selected frequency for one said
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object, and approximately impedance matched to
said transmission line with a reflection coefficient
in the range from approximately 0.65 to substan-
tially 0.9,

(b) connecting a remote end of said transmission line
to a common terminal of an L. network of at least
- two variable capacitors, said network having two
further terminals and connecting an rf source to the

L
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. first terminal of said L network, and connecting the

second terminal of said L network to ground, in-
cluding the step of selecting the range of each said
variable capacitor whereby a resonant condition of
said rf resonant circuit is obtainable with at least
80% of the rf power supplied from said rf source to

said rf circuit dissipated in said rf resonant circuit.
* Xk & X
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